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Abstract 
A wide variety of energy storage methods are currently employed around the world, including electrical storage, 
thermal storage, chemical storage. The correct storage mix will satisfy a range of constraints relating to the specific 
nature of electricity generation and demand connected to the grid, the physical nature of the landscape and it’s 
geology as well as the political environment. Finding synthesis among these conflicting concerns is a difficult task 
and the lack of a clear vision for energy storage can lead countries to adopt a disjointed approach to energy storage. 
This paper addresses this by presenting a framework based on the Analytical Hierarchy Process (AHP) that may be 
used to identify the most attractive storage mix for three scenarios: renewable integration, load shifting and power 
quality. Our analysis shows that for the power quality scenario, the most appropriate choices are supercapacitors, 
SMES and flywheel storage. For renewable integration the best options are pumped hydro and hydrogen storage. 
Both technologies are able to store excess renewable energy for relatively long period, making them an ideal way to 
deal with the intermittency of renewables. For load shifting purposes, pumped hydro storage is the optimal choice 
but limited due to the number of new storage sites available to construct, followed by thermal storage and batteries 
(VRB, ZnBr and NaS). These technologies are characterized by quick response time, high power density and low 
losses.  
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1. Introduction 
Energy storage is likely to form an important part of future energy systems where variable and uncontrollable 
renewable generation makes a substantial contribution to energy supply. Energy storage provides flexibility within 
the energy system, reducing the need for new generation capacity and facilitating better use of low-carbon power. 
Where many Governments have enacted programmes to support the growth of renewable energy, few have 
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recognized the importance of storage. In Japan, for instance, 15% of supplied electricity has been cycled through a 
storage facility whereas in Europe closer to 10% of supplied energy passes through a storage medium with Germany 
being the leading nation [21]. Identifying the best storage mix for a country is a complex task that must consider not 
only the techno-economics of the technology, but also metrics, effects on energy security, carbon emissions, 
locational and geographical constraints as well as social aspects.  This paper focuses on the process of identifying 
the most promising energy storage options at grid and national level. The paper focuses in UK as a case study. The 
application of the Analytical Hierarchy Process (AHP) is considered to explore the potential for a range of forms of 
energy storage to meet energy system challenges in the UK. A review of different energy storage options and a 
description of the three scenarios considered is provided in [15]. 
2. Methodology 
Defining the correct mix of energy storage technologies requires economics to be balanced with a series of other 
concerns reflecting grid requirements, locational constraints and societal values. This section presents a means of 
measuring and comparing these concerns to identify promising technologies. 
2.1. Energy Storage Cost 
A mathematical model has been developed to assess potential cost estimation for various energy storage options. 
The model is based on methods developed by [10] and [14]. The total storage cost TSSs is the annualized cost of the 
storage system per annum and is calculated as follows: 
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Where Costcc is the total capital cost that includes the storage cost (Coststorage), power conversion system cost 
(CostPCS) and the balance of plant cost (CostBOP).  
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where  Ș   = system efficiency (%) 
 E = energy storage capacity (kWh) 
 CE  = energy cost ($/kWh) 
 Cp  = power cost ($/kW) 
 P = power capacity (kW) 
The capital recovery factor (CRF) was multiplied with the initial capital cost to annualize the cost across a 
technology’s lifetime.   
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where i = discount rate (%)    
 L = lifetime of storage technology (years) 
CostO&M is the operational and maintenance cost associated with the storage system to maintain the system in good 
condition. The annualized O&M cost is simply calculated by multiplying CostO&M with the power capacity (P). 
୓Ƭ୑ሺ̈́ሻ ൌ ୓Ƭ୑ ൈ            (8)
2.2. The Analytical Hierarchy Process 
In order to go beyond the simple cost model, a decision-making model has been developed using the Analytical 
Hierarchy Process (AHP). The AHP method was initially proposed by [11] and is based on pairwise comparisons. 
Further detailed descriptions of the AHP can be found in [12, 13]. AHP converts a subjective assessment of relative 
importance into a set of weights, which structures the problem in a hierarchical way. The first step in utilising AHP 
is to define a set of alternatives (i.e. storage technologies) to be considered and the criteria upon which these 
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alternatives will be judged. These are used to construct a pairwise comparison matrix (PCM). Fig. 1 shows the AHP 
hierarchy used in this work to construct the PCM. Each criterion is assigned a weight value and describes the scale 
defined by Saaty [11, 12], which indicates how dominant one criterion is over another. Social acceptability and 
technology maturity data are adopted from AEA [1] while cost and technical performance parameters are extracted 
from various research papers. The criteria hierarchy analysis (Fig. 1) in the model is based on the comparison scale 
described in Table 1, by assigning weight scores. 
 
 
Fig.1 Criteria analysis hierarchy based on AHP 
Table 1 AHP comparison scale (Source: [13]) 
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To avoid the inconsistency between values and judgments the following ratio has been used:  
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where (ᅑ୑ୟ୶ െ ሻ is the deviation of judgment from the consistency approximation while the random index depends 
on the number of elements (n).  A consistency ratio equal or less than 0.1 is accepted or the pairwise matrix will be 
re-examined if otherwise. To eliminate ranking irregularities, the standardized equation below is used to transform 
the raw data into weight scores with respect to each criterion under consideration.  
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where ValueA and Value B are values being compared. 
3. A Case Study: Energy Storage in the UK 
Energy storage may usefully address a range of energy system challenges in the UK, providing renewable storage to 
reduce back up, load shifting and helping to maintain power quality [5]. However, the potential role that energy 
storage might occupy in the future UK energy system has not been well represented in most existing scenarios 
within the UK energy system models. Even when storage is considered, it is generally limited to bulk, centralized 
electricity storage. This section provides a brief overview of energy storage in the UK including the existing 
infrastructure, the policies in place to support development and research, on-going storage demonstration projects 
that are shaping the future of UK energy storage before using the AHM method to explore storage choices for the 
future UK system. 
3.1. Existing Electricity and Heat Storage 
Pumped hydro schemes dominate the balancing and ancillary services supply within the UK electrical network. Four 
pumped hydro schemes (Ffestiniog, Cruachan, Foyers, Dinorwig) provide about 30 GWh ([8], [20]) and between 
them have contributed approximately 1% of supplied electricity over the last 5 years [4]. The pumped storage is 
slowly growing out of favour, largely because of a lack of suitable sites within the UK. Heat storage, at the 
distribution and individual building scale is another important source of storage in the UK energy system. In 2009, 
12.5 million households were recorded to have standard boilers with built-in hot water storage [2]. Electrical storage 
heaters provide another important source of energy storage, particularly using base-load electricity overnight. As of 
2009, about 10% of the UK housing stock (2.36m) has storage heaters installed as their primary heating system [3]. 
On a district level, hot water stores are provided by district-heating schemes. Approximately 2% of the UK’s total 
heat demand, which is about 53,000 homes is supplied by over 200 heating networks [3]. Combined heating and 
power (CHP) is known to provide 472MW of heat to buildings in the UK but no figures on the total thermal storage 
capacity have been recorded [5].  
3.2. A Roadmap  
At present, no formal technology roadmap has been published in the UK for energy storage. Hence, the Centre for 
Low Carbon Futures proposed three potential socio-technical energy storage pathways as described in Table 2. 
Table 2 Energy storage pathways proposed by the Centre of Low Carbon Future (Source: [18]) 
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Strbac et al. [17] conducted simulations for three distinct pathways including the Grassroots pathway (DECC), 
nuclear pathway and carbon capture and storage (CCS) pathway to evaluate the value of energy storage. The 
Grassroots pathway is renewable energy oriented. Strbac’s quantitative assessment concluded that energy storage 
achieves the best value in a generation mix with large renewable energy shares. Location wise, Scotland presents the 
best opportunities for expansion of bulk storage such as pumped hydro or CAES in order to promote wind 
integration and reduce transmission costs while distributed storage such as batteries being more appropriate in 
England and Wales for peak shaving and to support distribution network management [17].  
3.3. Policies and Support  
Within the legislative and regulatory framework that covers generation, transmission, distribution and supply of 
electricity in the UK, storage is treated as a generation. Electricity storage owners are not bounded by explicit 
licensing conditions nor or they afforded any special treatment in terms of grid connections and grid tariffs unlike, 
unlike Slovakia or Germany where storage operators pay reduced grid tariffs [6]. Fig.2 illustrates the growth in the 
proportion of grant awards given by the UK Energy Research Centre with above 50% energy storage content. 
 
Fig. 2 Grant awarded to energy storage per year (Data Source: [19]) 
The Engineering and Physical Science Research Council (EPSRC) is the key contributor to the portfolio with 
approximately £33 million granted to support research activities. Technology Strategy Board (TSB) has also 
provided funds to collaborative research programmes under its “Fuel Cells and Hydrogen” and “Intelligent Grid 
Management” portfolios. The relationship between the intentions shown by organizational bodies and energy 
storage development in the UK is not quantifiably demonstrable but it is clear that investment is growing. A wide 
range of energy storage technologies are currently demonstrated in the UK including liquefied air, flow cell 
batteries, hydrogen and traditional batteries.  
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3.4. Assessing UK Energy Storage Options 
4.4.1 Storage Cost 
In order to investigate the merits of a range of storage options in the UK context, we explore their relative merits in 
terms of cost. Fig. 3 illustrates the results of this modelling presenting the total annualized storage costs ($) for 
various energy storage technologies for three applications as discussed in Spataru et al. [15]. 
Fig. 3 Total annual storage cost for three applications 
It can be observed that Compressed Air Energy Storage (CAES) has the lowest storage system cost when used for 
load shifting and frequency support. Hence, CAES seems the obvious solution to such applications. However, in 
reality CAES applicability is limited by the lack of available sites. Similarly, Pumped Hydro Storage (PHS) 
installation has been restricted by geographical constraints, as two reservoirs separated by an elevation are required.  
For batteries, Lead Acid (PbA) has the lowest cost for load shifting and frequency support application. PbA has 
relatively high energy costs compared to its power costs and hence is most expensive for load shifting among the 
three application possibilities. Alternatively, Sodium Sulphur (NaS) batteries are least costly in load shifting among 
the three applications as these batteries have relatively low power cost compared to the energy costs. Flow batteries 
such as Vanadium Redox (VRB) have the highest cost in power quality application among the three application 
areas. The reason is that flow batteries operation generally requires power conversion equipment and auxiliary 
systems and hence driving up the power cost. Lithium Ion (Li-ion) and Nickel Cadmium (Ni-Cd) batteries have 
relatively high energy costs due to high material cost coupled with internal protection circuit requirement, making 
them less suitable for load shifting application.  
Flywheel storage technology’s ability to achieve cyclic rapid recharges and discharges, make them suitable in power 
quality application. On the other hand, Superconducting Magnetic Energy Storage (SMES) and EC are decent 
options in power quality as well as frequency support but are highly undesirable for load shifting application mainly 
due to high material costs. To summarise, supercapacitor storage systems came out as the most costly option in 
renewable integration and load shifting scenarios. Hydrogen storage’s low energy cost could represent the best 
option for renewable integration. For load matching, CAES represents the best option financially manly due to its 
high lifetime expectancy and round trip efficiency Superconducting magnetic storage is the cheapest solution to 
power quality management, mainly due to its relative low power cost while hydrogen storage is the most expensive 
due to extremely high power cost. The total annualized storage cost is subject to uncertainty surrounding the various 
input assumptions including energy cost, power cost, energy capacity, power capacity, efficiency, storage lifetime 
and discount rate and load factor or annual energy throughout. A sensitivity analysis has been conducted to evaluate 
the impact of each of these parameters. Every parameter except efficiency is deviated from -30% to +30% to 
account for uncertainties in the data resources. The % change to efficiency is limited to 10%, as an increase above 
that value would lead to certain technology having above 100% efficiencies, which is practically impossible. The 
results of this sensitivity analysis are displayed graphically in Fig. 4-6.  
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Fig.4 Sensitivity analysis for renewable integration scenario 
 
Fig. 5 Sensitivity analysis for load shifting scenario 
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Fig. 6 Sensitivity analysis for power quality scenario 
This analysis has shown that the cost associated with energy storage technologies depends on not only the 
assumptions made but also the particular application (renewable integration, load shifting and power quality) being 
considered. For renewable integration and load shifting, energy cost ($/kWh) plays the key role in determining the 
overall storage cost since both applications involve large energy flows. In contrast, for power quality applications, 
storage cost is largely decided by the power cost ($/kW). Since the room for improvement to the efficiency rating is 
limited for some energy storage, increasing the unit lifetime is a more effective way of reducing annualised costs. 
4.4.2 Analytical Hierarchy Process (AHP) 
Having addressed the techno-economics of a range of energy storage options in the UK context, the AHP was 
applied to evaluate a wide range of concerns. The outcome of the AHP highlights pumped hydro and hydrogen 
storage as the most suitable options for renewable integration. These technologies have large capacities and are able 
to store excess renewable energy for relatively long period, making them an ideal way to deal with the intermittency 
of renewables. For load shifting purposes, pumped hydro storage is again the optimal choice. However, the UK has 
limited sites available to construct new storage sites. The next options thermal storage and the batteries (VRB, ZnBr 
and NaS) are the most realistic options for load shifting. For the power quality scenario, the most appropriate 
choices are supercapacitors, SMES and flywheel storage. These technologies are characterized can by quick 
response time, high power density and low losses. It has been shown that cost associated with energy storage 
technologies depends not only on the parameters mentioned, but also the application type.  Fig. 7 shows how the 
discount rate can impact on the storage cost and consequently the storage choice in a load shifting environment. In 
the low discount rate region, ZnBr battery is the better choice compared to VRB battery financially.   
4.4.3 Limitations 
For cost analysis, data inaccuracy such as obsolete statistics or discrepancies between data sources can have a 
knock-on effect on the criteria analysis and the sensitivity analysis. Modelling uptake based on the cost analysis and 
AHP can be considered an equivocal approach. Ranking irregularities can yet exist especially in the energy storage 
criterion ranking. For example, intangible factors such as technology maturity and social acceptability are hard to 
measure numerically.  
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Fig. 7 The impact of discount rate on the total annualized storage cost 
4.4.4 Recommendations for UK Policymakers 
While support for energy storage development in the UK is growing it appears that policymakers have yet to 
consider storage a critical component of the UK’s energy future. The pathways developed by the Centre for Low 
Carbon Future presented several potential long-term options but there is no explicit endorsed roadmap guiding 
investment in energy storage. The current regulatory arrangements are also a concern as energy storage is treated 
merely as generation. This is rather questionable since storage has the ability to not only provide but also absorb 
excess power to relieve grid congestion. For every policy and incentive scheme reviewed, storage does not receive 
special treatment in the decision-making process. Network companies are not currently determined to invest in 
energy storage as they do not garner any advantage over traditional forms of network reinforcement. OFGEM’s Low 
Carbon Network Fund [9] does provide support for innovation projects and has fostered a small number of storage-
related applications. Taking these demonstration projects to commercialisation will require adjustments to the 
conservative approach in network planning encouraged by the current regulatory regime. An incentive scheme 
mimicking the German policy could be a viable option for the UK electricity market. An exemption from network 
traffic charge would give storage technologies an edge over other competing technologies by providing a 
mechanism that reduces the operators or investors’ exposure to risk. Grünewald et al. [7] advised that large-scale 
energy storage such as CAES, hydrogen storage and flow battery provide positive returns at approximately 40 GW 
of total installed renewables. The UK may not have the necessary geological features for the large scale deployment 
of CAES and hence the options can be narrowed to either hydrogen storage or flow cells as the main energy storage 
solution for the UK. This exposes another problem since both technologies are still in development/early 
demonstration stage. German policy makers have taken the decision to meet short-term storage needs with pumped 
hydro storage allowing time for research and development of advanced CAES and hydrogen storage. The ‘step-by-
step’ approach taken by the German policymakers is an example of how to aid the transition into a low carbon 
market with energy storage. Analysis by Strbac [17] indicated that storage would have the greatest value when 
deployed closest to the demand source. This indicates that there may be a case for the deployment of storage at a 
building-level on a wider scale than at present. On the other hand, centralised storage offers diversity and economies 
of scale. In Japan, NaS batteries have been heavily deployed on a distribution level. The success of these 
installations is not quantifiably demonstrable but the rate of installation is not slowing down, which speaks volumes 
for distributed energy storage. Hence, decentralized energy storage should not be excluded from UK’s future energy 
system. The Japanese Government has also provided support for residential fuel cell installations in order to drive 
down prices. Between 2004 and 2008, prices dropped by 73% and the installed base is increasing year on year [16], 
the UK could capitalise on this Japanese investment. International collaboration should be encouraged as the UK 
goes forward with energy storage development.  
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4. Conclusions 
Identifying the optimal storage mix for a country is a difficult task requiring an analysis not only of the techno-
economic factors but also many other characteristics. This paper has presented a model and a methodology, based 
on the Analytical Hierarchy Process (AHP). The diverse range of energy storage technologies and potential 
applications means that there is no ‘perfect’ storage technology that suits every application. The implementation and 
suitability of energy storage technology is a function of a country’s energy portfolio, landscape, regulatory priority 
as well as the energy storage development status within the country. Energy storage deployment is also restricted by 
topography and geology. In order to efficiently invest resources for the development of storage is important to 
identify the best options. For example, in Japan, the Cool Earth-Innovative Energy Technology Program 
encompasses a power storage roadmap. In Germany, even though no formal energy storage roadmap has been 
published, the German Government’s energy strategy had clearly identified the set of actions in a chronological 
order to support the growth of their national storage capacity. Similar development path can be established in the 
UK using the storage options as per our recommended analysis.  In terms of the focus of future research on energy 
storage technologies, extending component lifetime should be an important focus. 
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